Introduction
============

Cardiac fibrosis is a risk factor for the development of various cardiovascular diseases, including myocardial infarction, arrhythmia and heart failure ([@b1-etm-0-0-8470],[@b2-etm-0-0-8470]). The main pathological features of cardiac fibrosis include abnormal proliferation of cardiac fibroblasts (CFs) and excessive deposition of extracellular matrix in the interstitium and perivascular region ([@b3-etm-0-0-8470]--[@b6-etm-0-0-8470]). In response to pathological stimuli, CFs can differentiate into myofibroblasts and increase the secretion of extracellular matrix proteins, which consequently leads to cardiac fibrosis ([@b7-etm-0-0-8470]--[@b9-etm-0-0-8470]). Despite advancements in the diagnosis and treatment of cardiac fibrosis, the exact pathogenesis remains unclear.

MicroRNAs (miRNAs) are a family of endogenous non-coding RNAs, 22--25 nucleotides in length, which serve as transcriptional regulators of genes ([@b10-etm-0-0-8470]). A number of studies have revealed that miRNAs are associated with cellular processes, including cell growth, proliferation and differentiation ([@b11-etm-0-0-8470]--[@b13-etm-0-0-8470]). Furthermore, miRNAs have been demonstrated to be key regulators of cardiovascular disease, including cardiac fibrosis ([@b14-etm-0-0-8470]--[@b17-etm-0-0-8470]). For instance, overexpression of let-7i attenuated angiotensin II-induced cardiac fibrosis by regulating the expression levels of interleukin-6 and collagen ([@b18-etm-0-0-8470]). Furthermore, it has been reported that increased miR-489 expression decreased pulmonary fibrosis by targeting MYD88 innate immune signal transduction adaptor ([@b19-etm-0-0-8470]). Transgenic overexpression of miR-489 was also reported to inhibit cardiac fibrosis following treatment with angiotensin II treatment ([@b20-etm-0-0-8470]). However, to the best of our knowledge, the underlying mechanism of miR-489 in attenuating the development of cardiac fibrosis has not been previously reported.

Histone deacetylases (HDACs) include 18 isoforms and are subdivided into four classes. HDAC2, a member of HDAC class II, is involved in a number of diseases, including tumorigenesis and cardiovascular disease ([@b21-etm-0-0-8470]). It has been reported that HDAC inhibitors inhibit fibrosis in a number of organs, such as the lungs and liver ([@b22-etm-0-0-8470],[@b23-etm-0-0-8470]). In addition, overexpression of HDAC2 promotes cardiac hypertrophy ([@b24-etm-0-0-8470]). As miRNAs regulate the expression of downstream target genes, miR-489 may suppress cardiac fibrosis by downregulating the expression of HDAC2.

The present study revealed that miR-489 inhibited isoproterenol (ISO)-induced cardiac fibrosis in Sprague-Dawley (SD) rats by downregulating the expression of HDAC2. The results may guide the development of novel therapeutic agents for cardiac fibrosis.

Materials and methods
=====================

### Animal experiments

A total of 30 SD rats (8 weeks old) were obtained from the Laboratory Animal Center of Soochow University. The mice were maintained under 22°C, 50% relative humidity, with a 12-h light/dark cycle and received food and water *ad libitum*. All animal experiments were approved by the Ethics Committee of the Third Affiliated Hospital of Soochow University (Changzhou, China). The rats were randomly divided into two groups, as follows: i) Cardiac fibrosis group, which consisted of animals subcutaneously injected with 5 mg/kg/day ISO (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 10 days; and ii) control group, which consisted of animals injected with an equivalent volume of saline. Animal health and behavior, such as body temperature, weight loss, behavioral changes and pathological changes, were monitored every day. On day 11, the rats were sacrificed by cervical dislocation following anesthesia with sodium pentobarbital (50 mg/kg), following which their hearts were immediately isolated. Part of the cardiac tissue specimens were cut into 5-µm thick sections and fixed in 4% formaldehyde solution and stained with hematoxylin and eosin (H&E) or Masson solution for 5--10 min at room temperature to detect pathological changes in the cardiac tissues. The remaining section was used for RNA analysis.

### Isolation of rat CFs and ISO treatment

Heart tissues were collected from SD rats, homogenized into 1-mm^3^ sections, placed in D-Hank\'s solution and subsequently digested using a mixed enzyme solution (trypsin: Collagenase ratio, 2:1). The cells were centrifuged at room temperature and 800 × g for 10 min and cultured in Dulbecco\'s modified Eagle medium (Corning, Inc., Corning, NY, USA) containing 10% fetal bovine serum (Corning, Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C for 2 h. Adherent cells were obtained after discarding the non-adherent cells and were identified as CFs by their characteristic spindle shaped appearance using an inverted phase contrast microscope and immunohistochemical staining for vimentin ([@b25-etm-0-0-8470],[@b26-etm-0-0-8470]). CFs at passage 3 were used in subsequent experiments. The cells were divided into two groups, and treated with 10 µM ISO or saline for 24 h, respectively.

### Transfection with small interfering RNA (siRNA), mimics and inhibitor

siRNAs targeting HDAC2 (siHDAC2), siRNA-negative control (siNC), miR-489 mimic, miR-NC, miR-489 inhibitor and NC inhibitor were synthesized by GenePharma Co., Ltd. (Shanghai, China). For HDAC2 overexpression, full length HDAC2 cDNA was amplified by PCR reaction from the cDNA library of HeLa cells (cat. no. R71407; Invitrogen; Thermo Fisher Scientific, Inc.) and subcloned into the pcDNA3.1 vector (Invitrogen; Thermo Fisher Scientific, Inc.), with empty pcDNA3.1 serving as control, and then transfected into cells using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Transfection with siHDAC2 or siNC (10 nM), miR-489 or NC mimics (10 nM), miR-489 inhibitor or NC inhibitor (10 nM) and co-transfection with miR-489 mimics and HDAC2 were performed using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. The cells were subsequently split 36 h after transfection and treated with ISO for 24 h. The transfection sequences were as follows: siHDAC2, 5′-GUAUCAUCAGAGAGUCUUATT-3′; siNC, 5′-UUUGUACUACACAAAAGUACUG-3′; miR-489 mimic, 5′-GUGACAUCACAUAUACGGCAGC-3′; NC mimics, 5′-UUCUCCGAACGUGUCACGUUU-3′; miR-489 inhibitor, 5′-GCUGCCGUAUAUGUGAUGUCAC-3′; NC inhibitor, 5′-CAGUCCUUUUGUGUAGUACAA-3′.

### Bioinformatics prediction and dual-luciferase reporter assay

The bioinformatics prediction software TargetScan version 7.2 ([www.targetscan.org](www.targetscan.org)) was used to predict the potential target genes of miR-489. Next, a dual-luciferase reporter assay was conducted to validate the predicted targets. Wild-type (WT) and mutant (MUT) HDAC2 were cloned into a pGL3 plasmid to construct pGL3-HDAC2-WT and pGL3-HDAC2-MUT vectors, respectively. Subsequently, miR-489 mimics and vectors were co-transfected into 293T cells (American Type Culture Collection) using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), and luciferase activity was measured using the Dual-Luciferase Reporter System (Promega Corporation, Madison, WI, USA) at 48 h after transfection.

### Determination of serum myocardial injury markers

The rats were anaesthetized and sacrificed by cervical dislocation following anesthesia with sodium pentobarbital (50 mg/kg). Then, the blood samples were collected from the carotid artery of rats and centrifuged at 3,000 × g for 10 min at room temperature. The activities of creatine kinase (CK) and CK isozyme (CK-MB) were measured using the MD-100 multifunctional automatic biochemistry analyzer (Sanhe Medical Equipment Co., Ltd., Sanhe, China). Additionally, the concentration of cardiac troponin I (cTnI) was measured using the VITROS Immuno Diagnostic kit (Ortho-Clinical Diagnostics, Inc., Raritan, NJ, USA). All assays were performed according to the manufacturer\'s protocol.

### Cell viability assay

Cell viability was detected using an MTT assay (KeyGen Biotech Co., Ltd.) according to the manufacturer\'s protocol. In brief, CFs were seeded into 96-well plates (3,000 cells/well) and transfected with the miR-489 mimic, miR-489 inhibitor or corresponding NC. After 36 h transfection, the cells were treated with ISO for 24 h and total of 50 µl MTT solution was added in each sample well, which were subsequently incubated for 4 h at 37°C. Next, 200 µl dimethyl sulfoxide was added into each well, and the optical density was measured at a wavelength of 570 nm.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated from cardiac tissues and CFs using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. RNA concentrations were measured using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). For miRNA expression, RT reactions were performed using a One Step PrimeScript miRNA cDNA Synthesis kit (Takara Biotechnology Co., Ltd.) at 37°C for 30 min according to the manufacturer\'s protocols, followed by qPCR with SYBR^®^ Premix Ex Taq (Takara Biotechnology Co., Ltd.). For mRNA expression, cDNA was synthesized from total RNA using a PrimeScript™ RT Reagent kit (Takara Biotechnology Co., Ltd.). qPCR amplifications were then performed using SYBR^®^ Green PCR Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). For miR-489 detection, the following thermocycling conditions were used: An initial denaturation step at 95°C for 2 min, followed by 40 cycles of denaturation at 95°C for 10 sec and annealing at 60°C for 1 min. For the detection of mRNA, the thermocycling conditions were as follows: Initial denaturation at 95°C for 15 sec, denaturation at 94°C for 30 sec, annealing at 60°C for 20 sec, and extension at 72°C for 40 sec for 40 cycles. Fold changes in expression levels were calculated using the 2^−ΔΔCq^ method ([@b27-etm-0-0-8470]). The primer sequences used in qPCR were as follows: miR-489 forward, 5′-ACACTCCAGCTGGGGTGACATCACATA-3′, and reverse, 5′-TGGTGTCGTGGAGTCG-3′; HDAC2 forward, 5′-GCTATTCCAGAAGATGCTGTTC-3′, and reverse, 5′-GTTGCTGAGCTGTTCTGATTTG-3′; collagen I (Col1A1) forward, 5′-CAGAGCACGATGTCCTGAGA-3′, and reverse, 5′-GCAAATGTGAGCTTCTGTGC-3′; α-smooth muscle actin (α-SMA) forward, 5′-GGAGTGATGGTTGGAATGG-3′, and reverse, 5′-ATGATGCCGTGTTCTATCG-3′; GAPDH forward, 5′-CAAGCTCATTTCCTGGTATGAC-3′, and reverse 5′-CAGTGAGGGTCTCTCTCTTCCT-3′; and U6 forward, 5′-CTCGCTTCGGCAGCACATATACTA-3′, and reverse, 5′-ACGAATTTGCGTGTCATCCTTGCG-3′. HDAC2, collagen I and α-SMA mRNA levels were normalized to the internal reference gene GAPDH, while miR-489 levels were normalized to U6.

### Statistical analysis

Statistical analyses were performed using SPSS software (version 18.0; SPSS, Inc.). Comparisons of parameters between two groups were performed using a paired Student\'s t-test. Comparisons among multiple groups were performed by one-way analysis of variance, followed by Tukey\'s test. Data are presented as the mean ± standard deviation of at least three independent experiments. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Pathological changes and levels of fibrosis-associated mRNAs in vivo and in vitro

H&E and Masson staining were performed to confirm that the model of ISO-induced cardiac fibrosis was successfully constructed in the rats ([Fig. 1A](#f1-etm-0-0-8470){ref-type="fig"}). Furthermore, the serum levels of CK, CK-MB and cTnI ([@b28-etm-0-0-8470],[@b29-etm-0-0-8470]), which serve as diagnostic markers of myocardial damage, were measured. The data revealed that the levels of CK, CK-MB and cTnI were significantly increased in the serum of ISO-treated rats compared with those in the control rats ([Fig. 1B-D](#f1-etm-0-0-8470){ref-type="fig"}). Furthermore, RT-qPCR indicated that miR-489 expression was significantly decreased in heart tissues obtained from the ISO-treated rats as compared with the control group ([Fig. 1E](#f1-etm-0-0-8470){ref-type="fig"}). By contrast, the mRNA expression levels of Col1A1 and α-SMA were markedly increased in heart tissues obtained from ISO-treated rats compared with the control group ([Fig. 1F](#f1-etm-0-0-8470){ref-type="fig"}). Consistent with these *in vivo* experimental results, miR-489 expression was found to be decreased in ISO-treated CFs compared with the control group, while the expression levels of Col1A1 and α-SMA were significantly increased in the ISO-treated CFs ([Fig. 1G and H](#f1-etm-0-0-8470){ref-type="fig"}).

### miR-489 inhibits the viability and differentiation of CFs

To investigate the effect of miR-489 on cardiac fibrosis, miR-489 mimics were transfected into rat CFs to induce miRNA overexpression ([Fig. 2A](#f2-etm-0-0-8470){ref-type="fig"}). As shown in [Fig. 2B](#f2-etm-0-0-8470){ref-type="fig"}, overexpression of miR-489 decreased the mRNA expression levels of Col1A1 and α-SMA. In addition, overexpression of miR-489 significantly inhibited the cell viability induced by ISO ([Fig. 2C](#f2-etm-0-0-8470){ref-type="fig"}). These data demonstrated that miR-489 inhibited the viability and differentiation of ISO-treated CFs.

### HDAC2 is a direct target of miR-489

Computational predictions of miR-489 target genes were performed using TargetScan software. As shown in [Fig. 3A](#f3-etm-0-0-8470){ref-type="fig"}, the 3′-untranslated region (UTR) of HDAC2 was complementary to miR-489, suggesting that HDAC2 may be a direct downstream target of miR-489. In order to validate this result, WT or MUT HDAC2 sequences were cloned into the 3′-UTR of the firefly luciferase gene. The results revealed that the miR-489 mimic transfection reduced the luciferase activity in 293T cells that were co-transfected with WT HDAC2, but not with MUT HDAC2 ([Fig. 3B](#f3-etm-0-0-8470){ref-type="fig"}). Furthermore, RT-qPCR was used to determine the expression level of HDAC2 in ISO-treated CFs transfected with miR-489 mimic, miR-489 inhibitor or the corresponding NC. Compared with the NC group, HDAC2 expression was downregulated in miR-489 mimic-transfected cells and upregulated in miR-489 inhibitor-transfected cells ([Fig. 3C](#f3-etm-0-0-8470){ref-type="fig"}).

### Silencing of HDAC2 decreases the expression levels of Col1A1 and α-SMA in CFs

To further investigate the role of HDAC2 in cardiac fibrosis, HDAC2 expression was knocked down using siRNA followed by treatment with ISO. The transfection efficiency was confirmed by RT-qPCR. Relative HDAC2 expression was significantly reduced in cells transfected with siHDAC2. ([Fig. 3D](#f3-etm-0-0-8470){ref-type="fig"}). As shown in [Fig. 3E](#f3-etm-0-0-8470){ref-type="fig"}, the expression levels of Col1A1 and α-SMA were markedly reduced in the siHDAC2-transfected group, as compared with those in the siNC group.

### miR-489 suppresses cardiac fibrosis via HDAC2

The present study earlier revealed that HDAC2 is a downstream target of miR-489 and was involved in the expression of fibrosis-associated markers. In order to determine whether the biological function of miR-489 in fibrogenesis was mediated by HDAC2, ISO-treated CFs were transfected with NC or miR-489 mimic, or co-transfected with HDAC2 overexpression plasmid and miR-489 mimic. RTqPCR demonstrated that the level of HDAC2 was notably increased in CFs transfected with the HDAC2 overexpression plasmid ([Fig. 4A](#f4-etm-0-0-8470){ref-type="fig"}), while HDAC2 markedly reversed the inhibitory effect of miR-489 on HDAC2 expression in co-transfected CFs ([Fig. 4B](#f4-etm-0-0-8470){ref-type="fig"}). As shown in [Fig. 4C and D](#f4-etm-0-0-8470){ref-type="fig"}, cells co-transfected with HDAC2 overexpression plasmid and miR-489 mimic exhibited significantly increased expression levels of α-SMA and Col1A1, as well as enhanced cell viability, compared with the cells transfected with the miR-489 mimic alone. These results further suggested that HDAC2 serves a role in attenuating the viability and differentiation of ISO-treated CFs.

Discussion
==========

The present study revealed that miR-489 served an important role in ISO-induced cardiac fibrosis. Specifically, miR-489 attenuated cardiac fibrosis and decreased the expression levels of Col1A1 and α-SMA by downregulating HDAC2 expression.

Emerging evidence suggests that miRNAs are strongly associated with the development of cardiac fibrosis. For instance, Zhang *et al* ([@b30-etm-0-0-8470]) reported that miR-29b inhibited angiotensin II-induced cardiac fibrosis by targeting transforming growth factor (TGF)-β1, thereby inhibiting the TGF-β/SMAD3 signaling pathway. Wang *et al* ([@b20-etm-0-0-8470]) further revealed that cardiac hypertrophy-related factor, a long non-coding RNA, regulated cardiac hypertrophy by serving as an endogenous sponge for miR-489, thereby decreasing its expression level. However, the underlying mechanism of miR-489 in cardiac fibrosis has not been fully elucidated. In the present study, Sprague-Dawley rats were treated with ISO to induce cardiac fibrosis, and H&E and Masson staining were used to confirm that the model of cardiac fibrosis was successfully established. Additionally, miR-489 expression was found to be significantly downregulated in ISO-treated cardiac tissues and CFs, whereas the mRNA expression levels of Col1A1 and α-SMA were increased in ISO-treated cardiac tissues and CFs. miR-489 overexpression significantly reduced cell viability and Col1A1 and α-SMA mRNA expression in ISO-treated CFs. Taken together, these findings demonstrated that miR-489 mimic suppressed cell viability and differentiation of ISO-treated CFs.

HDAC inhibitors have been demonstrated to inhibit fibrosis following injury in a number of organs ([@b31-etm-0-0-8470],[@b32-etm-0-0-8470]). Furthermore, the involvement of HDAC2 in heart disease has been reported ([@b24-etm-0-0-8470]). Trivedi *et al* ([@b33-etm-0-0-8470]) also indicated that HDAC2 regulated the cardiac hypertrophy response by modulating glycogen synthase kinase 3β activity. The present study revealed that miR-489 expression was decreased following ISO treatment *in vivo* or *in vitro*. Bioinformatics analysis and dual-luciferase reporter assay demonstrated that HDAC2 mRNA directly interacted with miR-489. RT-qPCR analysis found that the overexpression of miR-489 inhibited HDAC2 expression Subsequently, it was observed that HDAC2 knockdown decreased Col1A1 and α-SMA expression levels in CFs, whereas HDAC2 overexpression reversed the inhibitory effects of miR-489b on ISO-treated CFs. Therefore, the data suggested that miR-489 suppressed ISO-induced cardiac fibrosis by downregulating HDAC2. However, other possible targets of miR-489 may exist, whilst HDAC2 could also be subject to the regulation by other miRNAs. Therefore, further experiments of miR-489 on CFs are required to elucidate the mechanism in cardiac fibrosis further and the application of miR-489 for the treatment of cardiovascular diseases.

In conclusion, the results obtained in the present study indicated that miR-489 served an important role in the development of ISO-induced cardiac fibrosis by regulating HDAC2. The present study provided new insight into the mechanisms underlying cardiac fibrogenesis and suggested that miR-489 may serve as a potential therapeutic target for the treatment of cardiac fibrosis.

Not applicable.

Funding
=======

No funding was received.

Availability of data and materials
==================================

The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Authors\' contributions
=======================

XY and TY designed the study. TY and SZ analyzed the data and prepared the figures. XY drafted the manuscript. All authors approved this manuscript.

Ethics approval and consent to participate
==========================================

This study was approved by the Ethics Committee of the Third Affiliated Hospital of Soochow University (Changzhou, China).

Patient consent for publication
===============================

Not applicable.

Competing interests
===================

The authors declare that they have no competing interests.

![Pathological changes in myocardial tissue and expression of fibrosis-associated markers in ISO-treated rat heart tissues and CFs. (A) H&E and Masson staining revealed myocardial collagen deposition in myocardial tissues subsequent to ISO injection (scale bar, 100 µm). (B) CK activity, (C) CK-MB activity and (D) cTnI concentration were measured in the serum of ISO-treated and normal control rats. (E) miR-489 expression, and (F) Col1A1 and α-SMA mRNA levels in heart tissues obtained from the control and ISO-treated rats, as well as (G) miR-489, and (H) Col1A1 and α-SMA levels in the control and ISO-treated CFs were determined by reverse transcription-quantitative polymerase chain reaction. The data are presented as the mean ± standard deviation. \*P\<0.05 vs. saline group. ISO, isoproterenol; CFs, cardiac fibroblasts; CK, creatine kinase; CK-MB, CK isozyme; cTnI, troponin I; miR, microRNA; Col1A1, collagen I; α-SMA, α-smooth muscle actin.](etm-19-03-2229-g00){#f1-etm-0-0-8470}

![miR-489 overexpression inhibited the viability and differentiation of CFs. (A) miR-489 expression, and (B) Col1A1 and α-SMA mRNA levels in CFs transfected with NC and miR-489 mimic were determined by reverse transcription-quantitative polymerase chain reaction. \*P\<0.05 vs. NC group. (C) An MTT assay was used to investigate the viability of CFs transfected with NC and miR-489 mimic treated with ISO. The data are presented as the mean ± standard deviation. \*P\<0.05 and \*\*P\<0.01. miR, microRNA; CFs, cardiac fibroblasts; NC, negative control; Col1A1, collagen I; α-SMA, α-smooth muscle actin.](etm-19-03-2229-g01){#f2-etm-0-0-8470}

![miR-489 directly targets HDAC2. (A) Bioinformatics analysis suggested that the 3′-untranslated region of HDAC2 was complementary to miR-489. (B) The luciferase reporter assay revealed that miR-489 binds to WT HDAC2, but not MUT HDAC2 in 293T cells. (C) RT-qPCR was used to determine the expression levels of miR-489 and HDAC2 mRNA in isoproterenol-treated CFs transfected with NC, miR-489 mimic or miR-489 inhibitor. (D) HDAC2 expression, and (E) Col1A1 and α-SMA mRNA levels in CFs transfected with siNC and siHDAC2 were determined by RT-qPCR. The data are presented as the mean ± standard deviation. \*P\<0.05 and \*\*P\<0.01, vs. corresponding NC group. miR, microRNA; HDAC2, histone deacetylase 2; WT, wild-type; MUT, mutant; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; CFs, cardiac fibroblasts; NC, negative control; Col1A1, collagen I; α-SMA, α-smooth muscle actin; si, small interfering RNA.](etm-19-03-2229-g02){#f3-etm-0-0-8470}

![miR-489 inhibited the isoproterenol-induced cardiac fibrosis induced via HDAC2. (A) RT-qPCR was used to determine the expression level of HDAC2 in CFs transfected with pcDNA3.1 and pcDNA3.1-HDAC2. (B) HDAC2, and (C) Col1A1 and α-SMA expression levels in CFs transfected with NC, miR-489 mimic or miR-489 mimic plus HDAC2 were determined by RT-qPCR. (D) An MTT assay was used to assess the viability of CFs transfected with NC, miR-489 mimic or miR-489 mimic plus HDAC2. The data are presented as the mean ± standard deviation. \*P\<0.05 and \*\*P\<0.01. miR, microRNA; HDAC2, histone deacetylase 2; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; CFs, cardiac fibroblasts; Col1A1, collagen I; α-SMA, α-smooth muscle actin; NC negative control.](etm-19-03-2229-g03){#f4-etm-0-0-8470}
